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Abstract
Soluble factors, NSF and SNAPs, are required at many membrane fusion events within the cell. They interact with a class
of type II integral membrane proteins termed SNAP receptors, or SNAREs. Interaction between cognate SNAREs on
opposing membranes is a prerequisite for NSF dependent membrane fusion. NSF is an ATPase which will disrupt complexes
composed of different SNAREs. However, there is increasingly abundant evidence that the SNARE complex recognised by
NSF does not bridge the two fusing membranes, but rather is composed of SNAREs in the same membrane. The essential
role of NSF may be to prime SNAREs for a direct role during fusion. The best characterised SNAREs in the Golgi are Sed5p
in yeast and its mammalian homologue syntaxin 5, both of which are predominantly localised to the cis Golgi. The SNARE-
SNARE interactions in which these two proteins are involved are strikingly similar. Sed5p and syntaxin 5 may mediate three
distinct pathways for membrane flow into the cis Golgi, one from the ER, one from later Golgi cisternae, and possibly a third
from endosomes. Syntaxin 5 is itself likely to cycle through the ER, and thus may be involved in homotypic fusion of ER
derived transport vesicles. In all well characterised SNARE dependent membrane fusion events one of the interacting
SNAREs is a syntaxin homologue. There are only eight members of the syntaxin family in yeast. Besides Sed5p two others,
Tlg1p and Tlg2p, are found in the Golgi complex. They are present in a late Golgi compartment, but neither is required for
transit of secreted proteins through the Golgi. We suggest that these observations are most compatible with a model for
transit through the Golgi in which anterograde cargo is carried in cisternae, the enzymatic composition of which changes
with time as Golgi resident enzymes are delivered in retrograde transport vesicles. ß 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction: the SNARE hypothesis
Nearly 40 years after the ¢rst description of the
process of membrane fusion, and 100 years since
the ¢rst morphological description of the Golgi ap-
paratus, the idea that membrane fusion is required
for transport through the Golgi is now both long
standing and universally accepted. However, the na-
ture of the requisite fusion events and the precise
molecular mechanism by which they are brought
about remain contentious. This review has two re-
lated goals: to summarise current debate over the
role of a family of membrane proteins, SNAREs,
which mediate several di¡erent fusion events within
the cell, and to discuss on-going research into how
these proteins act to mediate transport through the
Golgi apparatus.
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Identi¢cation of the proteins involved in mem-
brane fusion has been discussed in several extensive
reviews [1^4], and the original experiments are only
brie£y outlined here. Appropriately enough consid-
ering the central role of the Golgi in protein tra⁄ck-
ing, an understanding of the molecular basis for in-
tracellular membrane fusion began in earnest with
the development of an in vitro assay for Golgi trans-
port [5^7]. Golgi fractions from vesicular stomatitis
virus (VSV) infected, N-acetyl glucosamine transfer-
ase de¢cient cells are incubated with equivalent frac-
tions from wild-type cells, and upon the addition of
cytosol and ATP there is a progressive appearance of
N-acetyl glucosamine containing, endo H resistant
VSV-G protein. In order for the VSV-G to become
exposed to N-acetyl glucosamine transferase, mem-
brane fusion must occur. It was subsequently shown
that VSV-G can be packaged into coated vesicles,
and that these vesicles can fuse with acceptor mem-
branes [8]. Transport is blocked by low concentra-
tions of a cysteine-alkylating agent, N-ethylmale-
imide (NEM), as well as by non-hydrolysable
analogues of GTP.
Puri¢cation of the target for NEM inhibition led
to the identi¢cation of NEM sensitive fusion protein,
or NSF [9]. The sequence of NSF is homologous to
that of Sec18p in yeast [10]. SEC18 was originally
identi¢ed in a genetic screen for mutants de¢cient
in secretion [11]. The functional equivalence of
Sec18p and NSF is demonstrated by the fact that
NSF complements sec18 mutations in yeast cells,
and Sec18p restores transport activity to NEM
treated Golgi membranes in the in vitro assay [10].
It is now apparent that NSF dependent membrane
fusion occurs at all stages in the secretory pathway
from the ER to the plasma membrane, as well as
during endocytosis. NSF is an ATPase, and hydrol-
ysis of Mg2-ATP is critical in NSF function [12,13].
NSF will not bind to Golgi membranes in the ab-
sence of cytosol, an observation which provided the
assay for puri¢cation of soluble NSF attachment
proteins, or SNAPs [14,15]. SNAP activity is re-
quired in the Golgi transport assay. Three species
of SNAP, termed K, L and Q, have been identi¢ed
in mammalian cells, though L-SNAP appears to be
restricted to neural tissues. Sec17p is the yeast equiv-
alent of K-SNAP, as evidenced by the ability of
Sec17p to mediate NSF binding to Golgi membranes
and of K-SNAP to restore protein transport in yeast
cells containing sec17 mutations [15,16].
In membranes solubilised in the presence of
ATPQS or Mg2 chelating agents, NSF and SNAPs
are present in large 20S complexes. These complexes
disassemble under conditions where NSF can hydro-
lyse ATP [12]. Puri¢cation of further components of
the 20S complexes led to the identi¢cation of mem-
brane proteins which act as SNAP receptors, or
SNAREs [17]. The ¢rst proteins to be identi¢ed as
SNAREs, namely syntaxin 1, SNAP-25 (synapto-
some associated protein of 25 kDa, not to be con-
fused with soluble NSF attachment proteins) and
VAMP (vesicle associated membrane protein, also
known as synaptobrevin) are involved in synaptic
vesicle fusion. These three proteins form stable, 7S
ternary complexes in the absence of NSF activity
[17]. Previous data showing that syntaxin is predom-
inantly localised to the plasma membrane of neuro-
nal cells while VAMP is chie£y associated with exo-
cytic vesicles [18^20], coupled with the fact that
syntaxin, VAMP and SNAP-25 homologues had
been shown to operate at several di¡erent stages of
the secretory pathway in yeast [3], lead to the for-
mulation by Rothman and co-workers of the
SNARE hypothesis [1,17]. In its most general terms
this hypothesis predicts that transport vesicles con-
tain speci¢c v(esicle)-SNAREs, which bind to cog-
nate t(arget)-SNAREs on the membrane that the
vesicle is destined to fuse with. This interaction is
thus the principal determinant for appropriate deliv-
ery of the vesicle and its contents. On the basis of the
immuno-localisation data, syntaxin and SNAP-25
were assigned as t-SNAREs, while it was proposed
that VAMP acts as a v-SNARE. The properties of
the 20S particle were explained in the original hy-
pothesis by the idea that SNAPs and NSF recognise
v- and t-SNAREs paired together from opposing
membranes, thus directly linking ATP mediated dis-
assembly of the particle with the fusion of the vesicle
and target membranes. This model is outlined in Fig.
1A.
Whilst the evidence that NSF activity is required
for many types of membrane fusion is overwhelming,
the mechanistic details of the original SNARE hy-
pothesis do not fully account for a large body of
experimental data which has accumulated over the
years. Many of these data are derived from studies
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on the fusion of synaptic vesicles with the plasma
membrane and on the homotypic fusion of yeast vac-
uoles. The evident generality of the basic components
of many membrane fusion systems, NSF, SNAPs
and SNAREs, suggests that the roles of these pro-
teins are conserved between di¡erent fusion reac-
tions, and we argue below that conclusions derived
from the synaptic and vacuolar systems are applica-
ble to transport through the Golgi.
2. The role of NSF in synaptic exocytosis
Neurobiologists working on regulated secretion at
the synapse and from neuroendocrine cells have
found some aspects of the SNARE hypothesis di⁄-
cult to reconcile with their data (see [21^23] for re-
views). Three main lines of evidence argue against
the model presented in Fig. 1A.
(i) There is a consensus in electro-physiological
studies of the kinetics of regulated exocytosis
[24,25] that the time delay between Ca2 accumula-
tion and neurotransmitter exocytosis, at about 100
Ws, is much faster than the predicted rate of NSF
mediated disassembly of 20S particles [26,27]. In ad-
dition, more recent data using an in vitro assay for
Ca2 stimulated exocytosis in PC12 cells clearly dem-
onstrate that the ATP dependent step during exocy-
tosis occurs before Ca2 dependent fusion [28]. Such
studies led to the suggestion that NSF disassembles
the 20S particles before docking of the synaptic
vesicle with the plasma membrane [21]. However,
they do not exclude the alternative possibility that,
as in Fig. 1A, NSF/SNAPs bind to SNAREs paired
between the synaptic vesicle and the plasma mem-
brane, and hydrolyse ATP, the actual membrane fu-
sion event itself being prevented until release of a
Ca2 sensitive molecular clamp. A likely candidate
for such a clamp certainly exists, namely synaptotag-
min [29].
(ii) Clostridial neurotoxins such as botulinum tox-
ins can cleave either syntaxin or VAMP, but they do
not cause docked vesicles to be released from the
plasma membrane, indicating that a VAMP depend-
ent linkage is not solely responsible for docking [30].
This conclusion is supported by the observation that
Drosophila strains lacking syntaxin or VAMP con-
tain a normal complement of synaptic vesicles
docked at the nerve terminus [31]. It has recently
been shown that synaptotagmin, the proposed Ca2
sensing component of the synaptic fusion machinery,
binds to SNAP-25, and given its vesicular localisa-
tion might mediate attachment of the vesicle to the
plasma membrane [32]. This explains the failure of
toxin treatment to release vesicles, but does not
prove that SNAREs mediate the primary docking
step. Certainly, the fact that syntaxin is not restricted
in its localisation to neurotransmitter release sites,
being found elsewhere on the plasma membrane
away from the nerve terminus [30], implies a mecha-
nism for vesicle targeting which involves more than
just SNARE-SNARE interactions.
(iii) While the di¡erential localisation of syntaxin,
SNAP-25 and VAMP to the plasma membrane and
synaptic vesicles as determined by indirect immuno-
£uorescence is consistent with the SNARE hypothe-
sis, ¢ndings from experiments using biochemical and
ultrastructural techniques indicate that SNAP-25 and
syntaxin are present in at least a subpopulation of
secretory vesicles [33,34], although at levels of
around 15% of that of VAMP [33]. Recently, the
functional state of the vesicular ‘t-SNAREs’ has
been addressed by isolation of highly puri¢ed popu-
lations of synaptic vesicles [35]. These experiments
take advantage of the observation that ternary
SNARE complexes composed of K-SNAP, syntaxin
and synaptobrevin are stable in SDS, and that these
SDS resistant complexes will not assemble after ad-
dition of SDS [36]. Such complexes can readily be
puri¢ed from synaptic vesicles which are not docked
to the plasma membrane, and can be subsequently
disassembled by addition of recombinant NSF,
SNAPs, and ATP. These observations raise the ques-
tion of whether the SDS resistant complex is formed
between the three SNAREs on the same vesicle, the
alternative possibility being interaction between
SNAREs on di¡erent vesicular membranes. The
fact that the SDS resistant complexes were resistant
to dilution of vesicles and to passage of the vesicles
through 100 nm ¢lters, as well as not being increased
by aggregation of the vesicles at high Mg2, suggests
that the complex is indeed formed by all three
SNAREs in the same membrane. In order to ascer-
tain the prevalence of ternary SNARE complexes in
the vesicular membrane the sensitivity of the
SNAREs to clostridial neurotoxins was utilised.
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These toxins cleave synaptobrevin (tetanus toxin),
SNAP-25 (botulinum toxin A), and syntaxin (botu-
linum toxin), but assembly into 20S complexes re-
sults in protection from the proteases [37]. In the
absence of NSF activity the SNAP-25 and syntaxin
on the vesicular membrane were largely impervious
to toxin treatment, whereas addition of SNAPs, NSF
and ATP resulted in massive proteolytic cleavage.
Thus the ternary complex is the prevalent form of
these two SNAREs on the vesicular membrane.
The presence of all three synaptic SNAREs on
vesicles does not necessarily imply that the vesicular
pool of syntaxin and SNAP-25 is actually required
for the vesicles to fuse with the plasma membrane.
Synaptic vesicles are derived from the plasma mem-
brane, and the presence of plasma membrane pro-
teins on these vesicles might simply be due to incom-
plete segregation of resident plasma membrane
proteins during endocytosis. However, the existence
of NSF sensitive SNARE complexes composed of
SNAREs which are demonstrably in the same mem-
brane raises several questions. How might the disas-
sembly of 20S complexes on a single membrane fa-
cilitate membrane fusion? Is there an identical 20S
complex present on the plasma membrane? What, if
any, interactions take place between SNAREs on the
vesicle and those on the plasma membrane? Some of
these issues are addressed by experiments on yeast
vacuolar fusion described below.
3. The role of NSF in yeast vacuolar fusion
Fusion of yeast vacuoles is a homotypic process
which in vivo occurs during inheritance of vacuoles
into the bud [38]. Fusion can readily be assayed in
vitro, and displays the same properties of cytosol and
ATP dependence as the original Golgi transport as-
say [39,40]. Identi¢cation of necessary cytosolic fac-
tors revealed a requirement for Sec18p (NSF) and
Fig. 1. The SNARE hypothesis. In the original SNARE hypothesis (A) [1,17] it was postulated that NSF recognises v- and t-SNAREs
paired across the fusing membranes, and that hydrolysis of ATP by NSF at this point not only disassembles the SNARE complex
but also is directly involved in fusion. Subsequent experiments in yeast vacuolar and synaptic systems imply that NSF acts to disrupt
the SNARE complex well before fusion, and that in these examples both t- and v-SNAREs can function on the same membrane (B).
However, a model where all SNARE mediated membrane fusion events involve the same SNAREs on both membranes as in B,
would not allow for di¡ering distributions of t- and v-SNAREs. This model can be modi¢ed (C) to account for such a distribution of
the SNAREs.
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Sec17p (K-SNAP), as well as another component,
LMA1 [41,42]. In agreement with the work on regu-
lated exocytosis outlined above, NSF acts at an
early, priming stage in the overall fusion reaction
[43]. These experiments clearly show that the need
for NSF activity in the overall fusion reaction can
be completely satis¢ed before fusing vacuoles have
come into contact with each other, which is not com-
patible with the model for fusion outlined in Fig. 1A.
Analysis of the yeast genome sequence reveals a syn-
taxin homologue, Vam3p, and a VAMP homologue,
Nyv1p, which are localised to the vacuolar mem-
brane [44^46]. Antibodies to Vam3p totally inhibit
fusion of vacuoles, and the fusion reaction becomes
insensitive to these antibodies with identical kinetics
to the docking of the vacuoles as a prelude to fusion
[44]. Thus the SNARE is required later in the process
than NSF, although as yet a direct role for Vam3p or
Nyv1p in the primary docking between the two fus-
ing membranes has not been conclusively demon-
strated. Vam3p and Nyv1p are bound to each other
on isolated vacuoles, and are dissociated by NSF in
an ATP-dependent manner [48]. Hence it seems that
disassembly of the SNARE complex is required be-
fore the SNAREs can perform a later role in docking
and fusion.
Deletion of the genes for Vam3p or Nyv1p allows
fusion between SNARE de¢cient vacuoles to be
measured, as shown in Fig. 2 [44]. Although vacuoles
with only one of the two SNAREs are e¡ectively
unable to fuse with those containing the same single
SNARE, the presence of Nyv1p on one vacuolar
membrane and Vam3p on the other is su⁄cient to
allow fusion. Furthermore, when both SNAREs are
present on one membrane, but the other vacuole
population contains neither SNARE, fusion is totally
prevented. These observations provide direct bio-
chemical evidence for the central tenet of the
SNARE hypothesis, namely a requirement for the
interaction of cognate SNAREs on opposing mem-
branes during membrane fusion.
4. Modi¢cation of the SNARE hypothesis
How can the original SNARE hypothesis be modi-
¢ed to accommodate the pre-docking role for NSF
suggested by both vacuolar and synaptic systems?
Any model should also incorporate interaction be-
tween cognate SNAREs on both fusing membranes
[44], and the presence of SNARE complexes when
NSF/Sec18p is inactivated [17,47,48]. The structure
of the 20S complex, as ascertained by quick freeze/
Fig. 3. Parallel orientation of SNAREs in the 20S complex.
SNAREs are oriented parallel with each other in the 20S com-
plex, with NSF bound towards their N termini and their trans-
membrane domains projecting from the same end of the 20S
particle [49]. For clarity, only two SNAREs are shown. The
structure of the complex is consistent with either formation of
a bridge across both membranes during fusion (A), or with the
20S particle being formed exclusively on one membrane (B).
Fig. 2. Biochemical evidence in support of the SNARE hypoth-
esis. Experiments measuring fusion between puri¢ed vacuoles
containing di¡ering SNARE complements are summarised [44].
From the top of the ¢gure downwards: wild-type vacuoles with
both a syntaxin (Vam3p) and a VAMP (Nyv1p) homologue
fuse with each other. When the SNAREs are only present on
one of the two vacuole populations, no fusion is seen. Fusion
is inhibited when vacuoles with only Vam3p or only Nyv1p are
assayed, although vacuoles containing only Vam3p will fuse to-
gether at low e⁄ciency. However, fusion can occur when
Vam3p is present on one vacuole population and Nyv1p is on
the other.
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deep etch electron microscopy [49], provides a useful
starting point. Recombinant NSF forms a hexameric
ring, which undergoes large structural rearrangement
in the presence of ATP. In 20S particles the central
hole of the hexamer is ¢lled by the SNAP-25, syn-
taxin, VAMP complex. Production of various fusion
proteins between the SNAREs and N- or C-terminal
tags shows that the SNAREs are oriented parallel to
each other, with the transmembrane domains of syn-
taxin and VAMP projecting from the same end of
the complex. The TMDs of both t- and v-SNAREs
are therefore in close proximity to each other in the
20S complex, as is shown in cartoon form in Fig. 3.
This is compatible with formation of the 20S com-
plex either between opposing membranes or on a
single membrane (Fig. 3). The fact that NSF acts
before docking in the vacuolar system clearly argues
for the latter, and the fact that NSF-sensitive
SNARE complexes are found on synaptic vesicles
reinforces this view. This leads to the idea that dis-
assembly of SNARE complexes on the same mem-
brane is necessary to prime the SNAREs to interact
with their cognate partner on another membrane, as
outlined in Fig. 1B [49]. The model in Fig. 1B views
all fusion, at least in SNARE terms, as ‘homotypic’
fusion, with reciprocal interactions between syntaxin
and VAMP family members on both membranes.
This is consistent with the synaptic and, obviously,
the vacuolar data, but does not explain how the dif-
ferent but overlapping distribution of t- and v-
SNAREs seen at the synapse arises. It also implies,
rather implausibly, that the large excess of VAMP
relative to syntaxin and SNAP 25 on the synaptic
vesicular membrane is non-functional. These prob-
lems could be resolved in two ways. Firstly, NSF
might recognise and prime SNAREs in other com-
plexes than those including both v- and t-SNAREs.
Secondly, disassembly of the SNARE complex might
take place on the target membrane after fusion, as
depicted in Fig. 1C. This modi¢cation of the scheme
in Fig. 1B allows for di¡erent distributions of t- and
v-SNAREs, as the primed v-SNARE can be selec-
tively transported back to its membrane of origin.
The models in Fig. 1B and C are by no means ex-
clusive, and incomplete segregation of t-SNARE
from v-SNARE during re-cycling of the v-SNARE
could lead to a combination of both occurring in the
same fusion step.
All the models outlined in Fig. 1 necessitate recy-
cling of SNAREs to their compartment of origin,
and this seems highly reasonable. The model in
Fig. 1C also demands that the primed v-SNARE is
rendered non-functional until it has been recycled to
another vesicle, to prevent re-association with its
cognate t-SNARE on the same membrane or other
inappropriate interactions. There are several candi-
dates for regulators of the formation of SNARE
complexes, such as LMA1, Rab proteins and mem-
bers of the Sec1p family, which are discussed later.
Although the models are speculative, the pre-fusion
role for NSF shown in Fig. 1B or C provides a ra-
tionale for data derived from the original Golgi
transport assay that has previously been di⁄cult to
explain. Wattenberg et al. [50] used primaquine to
stage the transport assay into separable vesicle pro-
duction and fusion steps, and found that NSF activ-
ity is required for production of functional transport
vesicles. They went on to show that once functional
vesicles have been produced they can fuse with ac-
ceptor membranes in the absence of active NSF. This
can be explained by NSF acting to prime SNAREs
before they are incorporated into vesicles, i.e. while
still present in a cisternal membrane.
5. Membrane fusion
The molecular events directly involved in NSF de-
pendent membrane fusion are not clear, but consid-
eration of the structural properties of SNAREs pro-
vides a working model. All SNAREs, de¢ned as
membrane receptors for SNAPs which assemble
into NSF sensitive complexes, share common struc-
tural features. They are typically attached to the lipid
bilayer at the C terminus, either by a lipid moiety or
by a transmembrane domain, and immediately adja-
cent to the membrane contain a region of heptad
repeats of hydrophobic amino acids with the poten-
tial to form coiled coils of K-helices. Several people
have pointed out that the unusually stable complexes
formed by SNAREs probably involves formation of
coiled coils involving two or three interacting
SNAREs, and indeed mutagenesis studies on both
the synaptic SNAREs and homologues involved in
ER to Golgi transport directly implicate the coiled-
coil domain in complex formation [36,49,51^53]. In
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vitro assays show that syntaxin undergoes a confor-
mational change after NSF and K-SNAP action
[52,54], and it seems likely that disassembly of 20S
complexes as a prelude to fusion involves unwinding
of stable coiled-coil structures, thereby freeing the
SNAREs to interact with cognate partners on an
opposing membrane [49]. This would then lead to
‘zipping up’ of a coiled coil between the two mem-
branes, pulling the membranes into such close asso-
ciation that fusion ensues. This model places
SNAREs at the heart of the fusion process, but
does not require that they are necessarily responsible
for the initial attachment, or docking step. The en-
ergy needed to overcome the electrostatic barrier to
intimate contact between the membranes is provided
when NSF hydrolyses ATP, but is then stored in the
relatively unstable conformation of primed SNAREs.
The K-helical content of SNAP-25-syntaxin com-
plexes is signi¢cantly higher than in the monomeric
proteins, consistent with this idea [54]. Secure an-
chorage of the SNARE across the lipid bilayer is
then a prerequisite for e⁄cient fusion. Another re-
quirement that can be inferred from this model is for
the presence of proteins which selectively bind to
primed SNAREs, stabilising them and preventing
re-association in the same membrane. Possible can-
didates for this function include the Sec1p family [55]
and LMA1 [42].
NSF homologues function in some membrane fu-
sion reactions. The NSF-related protein p97 is re-
quired in the reassembly of Golgi fragments after
mitosis [56,57], and the yeast p97 homologue
Cdc48p is essential in ER-ER fusion [58]. ER-ER
fusion does not require NSF, and it is possible that
other NSF independent fusion steps, such as exocy-
tosis at the apical membranes of polarised cells [59],
are also mediated via other members of this family of
ATPases. Preliminary genetic evidence suggests that
the ER t-SNARE Ufe1p interacts with Cdc48p, and
thus fusion catalysed by Cdc48p may have much in
common with NSF-mediated fusion (M. Latterich,
personal communication).
6. SNAREs and vesicle docking in the Golgi
One argument advanced against the suggestion
that NSF acts at a pre-docking stage in vesicle to
cisterna fusion within the Golgi is that inactivation
of NSF by NEM treatment results in the accumula-
tion of uncoated vesicles docked onto cisternae,
when studied by electron microscopy in the original
in vitro assay for Golgi transport [60,61]. The fact
that these vesicles are uncoated implies that they are
intermediates in fusion with the cisterna, rather than
budding from it. The existence of these intermediates
has been interpreted as indirect evidence that in the
absence of active NSF, SNAREs on the vesicle are
engaged with those on the cisterna, and that the
SNAREs are not incorporated into a 20S particle
as the next step in the fusion reaction [1,60]. These
observations are at variance with data derived from
analysis of ER-Golgi transport in yeast, where inac-
tivation of Sec18p, either by use of a temperature
sensitive allele or by NEM treatment, results in ac-
cumulation of un-docked vesicles [62,63], implying
that in this instance the appropriate SNAREs do
not form a stable complex between vesicular and
cisternal membranes. Rexach and Schekman sug-
gested that this apparent contradiction might be re-
solved by the existence of a cytosolic structure which
assures the local retention of Golgi derived vesicles,
without interaction of SNAREs on the opposing
membranes. Characterisation of the cytosolic re-
quirements for the Golgi transport assay lead to
identi¢cation of further factors as well as NSF and
SNAPs. These include p115 [64], which may mediate
vesicle docking. p115 is identical to TAP, a protein
involved in transcytotic membrane transport [65],
and homologous to Uso1p in yeast [66]. p115 will
bind transcytotic vesicles to apical membranes in
the absence of ATP [65]. Moreover, inactivation of
Uso1p by use of a temperature sensitive allele pre-
vents subsequent assembly of a Sec18p (NSF) sensi-
tive SNARE complex, placing Uso1p upstream from
assembly of such a complex in the fusion process
[67]. Recently, a speci¢c receptor for p115 has been
reported, the cis Golgi peripheral membrane protein
GM130 [68]. There is no GM130 homologue present
in yeast, although Nakamura and colleagues [68]
suggest that an extra domain present on Uso1p
when compared to p115 may provide GM130 func-
tion to Uso1p itself.
The existence of speci¢c vesicle-target membrane
interactions upstream from SNARE-SNARE bind-
ing undermines the idea that SNAREs are solely re-
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sponsible for vesicle targeting. Moreover, there are
now at least two examples of a v-SNARE which
binds to two or more alternative t-SNAREs, rein-
forcing the suggestion that SNARE-SNARE interac-
tions may provide only one out of several layers of
speci¢city in the overall targeting mechanism (see
below).
7. Analysis of the Golgi t-SNARE Sed5p/syntaxin 5
and associated SNAREs
Given the central role of SNAREs in membrane
fusion, analysis of their locations and interactions
should give clues to the organisation of intracellular
membranes, such as those that comprise the Golgi
apparatus. Almost simultaneously with the discovery
of syntaxin 1, a related protein, Sed5p, was found in
the yeast Golgi complex [69]. On the basis of its
localisation, its homology to syntaxin 1, and its es-
sential role in ER-Golgi transport, it was proposed
that Sed5p performs a role in the fusion of transport
vesicles with the cis Golgi. A mammalian homo-
logue, syntaxin 5, was subsequently identi¢ed and,
as with Sed5p in yeast, most of our current knowl-
edge about SNARE function in the mammalian Gol-
gi is centred on this protein. Syntaxin 5 is 33% iden-
tical to Sed5p [70] and is predominantly localised
to the cis face of the Golgi [71]. Immunoprecipita-
tion of both Sed5p and syntaxin 5 from detergent
extracts demonstrates interactions with an array of
putative v-SNAREs [47,72], as shown in Table 1,
and the analysis of these complexes provides impor-
tant clues to the various roles of this Golgi syn-
taxin.
Although the isolation of SNARE complexes is
informative, there has been much debate over what
these complexes represent in vivo. The central issue is
whether immuno-isolated SNARE complexes corre-
spond to a transient structure that bridges both
membranes during fusion, and hence only accumu-
lates signi¢cantly when NSF is inactivated in vivo
[47,73], or whether the complex is in fact abundant
in vivo, and represents a post- or pre-fusion inter-
mediate which has yet to be disrupted by NSF. Com-
parison of the immunoprecipitation experiments on
Sed5p and syntaxin 5 by SÖgaard et al. [47] and Hay
et al. [72] highlights this issue. Putative v-SNAREs
are present in an approx. 160 kDa complex with
syntaxin 5 when cells are lysed in the absence of
ATP. Subsequent addition of recombinant NSF, K-
SNAP and ATP leads to complex disassembly in
vitro [72]. Most of the syntaxin 5 in the lysates is
present in such complexes, as is about 20^40% of
the putative v-SNAREs. This is in marked contrast
to the analogous study on Sed5p, where essentially
no interaction between Sed5p and its cognate v-
SNAREs was seen in lysates from cells where
Sec18p had not been inactivated [47,73]. The most
obvious di¡erence between the yeast experiments
and those on syntaxin 5 is that yeast cells were lysed
in the presence of ATP, whilst the mammalian cell
lysates [72] were prepared without ATP, under con-
ditions where one would expect NSF to be inactive
[12,13]. Recent experiments in our laboratory look-
ing at several di¡erent SNARE-SNARE interactions
including that between Sed5p and Sec22p (a v-
SNARE involved in ER-Golgi transport, see below)
show that preparation of cell extracts in the absence
of ATP allows isolation of similar amounts of v/t-
SNARE complex to that found in lysates of sec18-1
cells, where Sec18p (NSF) has been inactivated for
30 min prior to lysis ([74,48]; M. Lewis, unpublished
observations). This implies that the SNARE com-
plexes do not appreciably accumulate in vivo when
Sec18p/NSF is inactivated, and favours the interpre-
tation that the complexes are in fact abundant in
living cells. Sec18p needs to be inactivated to pre-
serve these complexes when the cells are lysed in
millimolar ATP. A third possibility, that SNARE
complexes form spontaneously post lysis, has yet to
be ruled out. Experiments based on mixing of cell
extracts suggest that this is not likely in the case of
the vacuolar SNAREs Vam3p and Nyv1p [48],
although there is no reason to assume that all
SNARE complexes will behave similarly in this re-
spect.
The apparent abundance of the SNARE com-
plexes in vivo ¢ts well with the suggestion that they
are not derived entirely from docked vesicles. They
are nevertheless likely to have been formed during a
fusion reaction, and thus are comprised of compo-
nents that undertake speci¢c interactions during the
fusion event itself. In the case of Sed5p, it seems that
several di¡erent fusion complexes are represented,
and these can be considered separately.
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8. The role of Sed5p/syntaxin 5 in ER to Golgi
transport
Four of the yeast membrane proteins that form
NSF sensitive complexes with Sed5p, namely Bet1p,
Bos1p, Ykt6p and Sec22p, have been implicated in
the delivery of proteins from the ER to the cis Golgi,
Bet1p, Bos1p and Ykt6p being essential for this
process [75^78]. All have the basic properties of
SNAREs. In vitro studies show that Bos1p and
Sec22p can be found on the same class of ER derived
vesicles, apparently associated with each other, and
that Bos1p is required for the fusion competence of
such vesicles [79^81]. Genetic interactions between
the candidate v-SNAREs suggest that they share
common functions, though the fact that Sec22p is
non-essential for growth shows that they are not
functionally equivalent. Thus, for example, over-ex-
pression of Bos1p will compensate for the lack of
Sec22p, and suppress the temperature sensitivity of
a bet1 mutant [76,80,81]. Over-expression of Ykt6p
will suppress temperature sensitive alleles of both
SEC22 and BOS1 [77].
The roles of Bet1p and Ykt6p have not been ad-
dressed by in vitro transport assays, and despite its
essential function in delivery of proteins from the ER
to the cis Golgi, there is no direct evidence that
Ykt6p is present in transport vesicles [77]. Ykt6p
has the coiled-coil motif one would expect of a
SNARE, but lacks a transmembrane domain.
Rather, Ykt6p is membrane anchored by a C-termi-
nal isoprenyl group [77]. If, as is implied in the model
we have presented above, actual membrane fusion
requires that the lipid bilayer is spanned by a trans-
membrane domain in order to force both lea£ets
together, then Ykt6p must act in conjunction with
another protein. Bet1p might also function in a
slightly di¡erent way compared to Bos1p and
Sec22p, as it shows similarity at the sequence level
to SNAP-25 as well as to VAMP [82,83].
The precise roles of these various SNAREs are
di⁄cult to determine, but one simple possibility is
that all are present in a single complex with Sed5p
(Table 1). Indeed, in vitro binding studies using re-
combinant proteins indicate that the presence of
Bet1p is required for formation of Bos1p-Sed5p com-
Table 1
Sed5p/syntaxin 5 complexes
Immunoprecipitation experiments [47,72,102,81] on Sed5p and syntaxin 5 reveal that Sed5p/syntaxin 5 can form at least three separate
complexes, with potentially di¡ering functions. Mammalian proteins are shown in a dark blue box, yeast proteins in a light blue box.
Black lines represent co-precipitation of the two connected proteins. Proteins identi¢ed as possibly present in the complexes have been
shown to co-precipitate with Sed5p, but the presence of the other SNAREs in the same complex has yet to be demonstrated.
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plexes, suggesting that these three proteins can form
a minimal complex [83]. Furthermore, precipitation
of Bos1p from yeast extracts shows that it is associ-
ated with Sed5p, Sec22p and Bet1p, suggesting that
Sec22p can also associate with the triple complex
[47]. As yet there is no direct evidence that Ykt6p
is in the same complex, though it clearly binds Sed5p
and its presence would provide a simple explanation
for its role in ER-Golgi transport.
In animal cells, the binding partners of syntaxin 5
identi¢ed in immuno-precipitation experiments reca-
pitulate those of Sed5p [72]. They include: (i) rBet1,
a homologue of Bet1p [84]. (ii) rSec22b, also termed
ERS-24 [84], a homologue of Sec22p. Interestingly,
rSec22a, a previously identi¢ed protein [85] which
has a more distant sequence relationship with
Sec22p, was not found bound to syntaxin 5, and
may have a separate function. (iii) Membrin, a mam-
malian protein with the typical SNARE features of
C-terminal TMD and heptad repeats, and some sim-
ilarity to Bos1p. mYkt6, the obvious mammalian
homologue of Ykt6p, was not identi¢ed in syntaxin
5 containing complexes. However, given that mYkt6
will rescue YKT6 null yeast cells [77], it would be
surprising if mYkt6 does not bind to syntaxin 5 in
vivo. Thus, it seems likely that similar complexes are
involved in ER-Golgi transport in yeast and animal
cells (Table 1).
What membrane fusion events do these complexes
re£ect? The simplest view of ER-Golgi tra⁄c is that
vesicles bud from the ER and fuse with a cis Golgi
cisterna. However, this situation is complicated in
mammalian cells by the existence of vesicular-tubular
structures (VTCs, considered part of the so-called
ER-Golgi intermediate compartment) adjacent to
ER exit sites. ER derived vesicles fuse with VTCs,
and VTCs represent the ¢rst point at which escaped
ER resident proteins can be sorted into retrieval
vesicles [86^88]. In this case, there must be two mor-
phologically separate membrane fusion events as
proteins are transported from ER to Golgi; one to
enter the VTCs and one to go from VTC to cis
Golgi. Construction of a protein chimera between
the ts045 mutant form of VSV-G protein and GFP
has recently allowed visualisation of these events
[89,90]. The mutant VSV-G will not leave the ER
at high temperatures, which allows the transport of
a pulse of £uorescent protein to be followed by light
microscopy. These incisive experiments show that
VTCs do not have a stable existence, with vesicular
transport occurring both into and out from them.
Rather, VTCs are created, presumably by homotypic
fusion of ER derived vesicles, and then travel along
microtubules to the cis face of the Golgi. Here they
merge into larger structures, either by fusing with
each other or with pre-existing cis Golgi cisternae.
Can this sequence of fusion events be related to
the known properties of syntaxin 5 and its cognate v-
SNAREs? Fractionation and immunostaining sug-
gest that syntaxin 5 is present on VTCs ([91^93]; J.
Stinchcombe and C. Hopkins, personal communica-
tion), and given the observation that VTCs are con-
tinuously formed de novo from ER derived vesicles,
it seems likely that syntaxin 5 cycles through the ER.
There is now strong experimental evidence in support
of this suggestion. Proteins that recycle from the cis
Golgi through the ER accumulate in VTCs when
cells are incubated at 15‡C, and indirect immuno-
£uorescence experiments show that syntaxin 5 exhib-
its exactly this behaviour. Furthermore, puri¢cation
of ER derived vesicles reveals the presence of syntax-
in 5 [92].
The functional signi¢cance of vesicular syntaxin 5
was addressed using an in vitro assay that reconsti-
tutes ER to Golgi transport by following speci¢c
glycosylation of cargo within an ER derived vesicu-
lar fraction by Golgi resident enzymes [92]. Antibody
inhibition experiments imply that this glycosylation
requires syntaxin 5 only on the ER derived vesicles,
and not on the Golgi membranes which contain the
requisite glycosyl transferase. Hence cargo in ER de-
rived vesicles can gain access to early Golgi enzymes
without syntaxin 5 dependent membrane fusion tak-
ing place at the membrane which, at the start of the
reaction, contains the enzymes. A possible explana-
tion for this is that the active syntaxin 5 in the ER
derived vesicular fraction becomes the target for
transport vesicles budded from Golgi membranes.
Such Golgi derived vesicles would then contain the
glycosylation enzymes required to generate a signal
in the in vitro assay. Indeed, enzymes can enter Gol-
gi-derived transport vesicles in vitro [8,94] and in
vivo [95], and delivery of enzymes from these vesicles
to early Golgi cisternae in vitro has recently been
reported [95]. In this view, fusion of ER derived
vesicles into VTCs, and then fusion of VTCs with
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each other at the cis face of the Golgi, creates a new
Golgi cisterna to which Golgi resident enzymes are
delivered by retrograde vesicular transport. Homo-
typic fusion of ER derived vesicles, and possibly of
VTCs to form a cis Golgi compartment, is likely to
involve SNARE-SNARE interactions analogous to
those occurring during homotypic vacuolar fusion,
where reciprocal binding between syntaxin and
VAMP homologues present on both membranes
are thought to occur during fusion [44].
Recycling of syntaxin 5 through the ER implies
that it carries a retrograde transport signal. Several
groups have noted di¡erent sized syntaxin 5 bands
on Western blots [71,91] and it is now apparent that
there are two forms of this protein, probably gener-
ated by alternative translation start sites [91]. The
longer form, of 42 kDa, has an N-terminal extension
containing a functional ER retrieval signal not
present in the originally sequenced 35 kDa form
[69]. The two forms have an overlapping distribu-
tion, but the 42 kDa protein is localised more to
the ER-Golgi intermediate compartment, and pre-
sumably to the ER, perhaps indicating that the N-
terminal retrieval signal contributes to the recycling
process. The dynamic localisation of syntaxin 5 may
provide an explanation for the previously puzzling
observation that over-expression of membrin causes
syntaxin 5, but not other Golgi proteins, to re-local-
ise to the ER [71], as perturbation of the complexes
formed by syntaxin 5 might result in accumulation at
a di¡erent point in its cycle.
There is only one form of Sed5p in yeast [69], and
to date there is no conclusive evidence that this pro-
tein re-cycles in a manner analogous to syntaxin 5.
There are no well characterised yeast equivalents of
VTCs. However, preliminary experiments in our lab
(S. Wooding, unpublished data) suggest that when
exit from the ER is blocked in a sec12 mutant,
Sed5p is rapidly transported into the ER, behaviour
characteristic of proteins which cycle between ER
and Golgi [96]. Therefore Sed5p may well be present
on ER derived vesicles, and by analogy with mam-
malian cells one might then expect such vesicles to be
able to fuse with one another. This insight should
prove useful in unravelling the overlapping functions
of Bet1p, Bos1p, Ykt6p and Sec22p, and throws up
intriguing questions such as whether precisely the
same SNARE complex might be involved in the ini-
tial fusion of two coated vesicles as in subsequent
assembly of the resultant membranes into cisternae.
9. Sed5p/syntaxin 5 and intra-Golgi transport
Besides its role in the formation of a cis Golgi
compartment, and in the delivery of proteins to it
from the ER, Sed5p also has a function in intra-
Golgi tra⁄c. This role is re£ected in its ability to
bind two more SNAREs, Sft1p and Gos1p
[47,77,97]. Sft1p has the canonical SNARE structural
features and when over-expressed can suppress tem-
perature sensitive mutations in Sed5p, implying that
its interaction is important for Sed5p function in
vivo [97]. However, cells without Sft1p function do
not display a block in delivery of proteins to the cis
Golgi. Rather, subsequent addition of K1ÿ3-mannose
residues is prevented, indicating that Sft1p is re-
quired for transport within the Golgi. Sft1p co-local-
ises with Mnt1p, a medial Golgi enzyme, on putative
medial Golgi cisternae [97].
The other originally identi¢ed SNARE-like bind-
ing partner for Sed5p, Gos1p (p28 in [47]), co-local-
ises with Sft1p ([77]; B. Nichols, unpublished obser-
vations), and although there is no further functional
information about this protein available, it has a
relatively well characterised mammalian homologue,
GOS-28 (Gos1p and GOS-28 are 24% identical)
[98,99]. As might be expected, GOS-28 forms NSF
sensitive complexes with syntaxin 5 [71]. Further-
more, it is localised in immuno-electron micrographs
to vesicles at the terminal rims of Golgi stacks, is
packaged into Golgi derived COPI-coated vesicles
both in vivo and in vitro, and on the basis of anti-
body inhibition of the original transport assay [6,7],
it is required for intra-Golgi transport [99].
The localisation of Sft1p, Gos1p and GOS-28,
coupled with the fact that they bind to Sed5p or
syntaxin 5, suggests that they play a role in retro-
grade vesicular transport within the Golgi complex.
In fact, the conventional de¢nition of forward trans-
port, which is based on the acquisition of carbo-
hydrate modi¢cations catalysed by ‘late’ Golgi
enzymes, may be indistinguishable from the retro-
grade transport of the enzymes themselves. As dis-
cussed in the previous section, Golgi enzymes can
certainly be found within puri¢ed COPI-coated
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vesicles, and these vesicle populations can fuse e⁄-
ciently with early Golgi cisternae [95]. Such a scenar-
io could explain the observations of Subramaniam
and colleagues [98] that anti-GOS-28 antibodies in-
hibited ER-Golgi tra⁄c in vitro. Since their assay for
arrival of VSV-G protein at the Golgi was based on
Golgi-speci¢c carbohydrate modi¢cations, it may
have required GOS-28 mediated delivery of the ap-
propriate enzymes to newly created cis Golgi mem-
branes. Indeed, this ER-Golgi assay and the intra-
Golgi assay of Nagahama et al. [99] could both be
envisioned as measuring vesicular transport of Golgi
enzymes to an early Golgi compartment.
The Sed5p/syntaxin 5 complex that mediates retro-
grade transport within the Golgi seems to be distinct
from that involved in ER-Golgi transport (Table 1).
Precipitation of rBet1 and GOS-28 reveals that
although both can form complexes with syntaxin 5,
rBet1 and GOS-28 are not in the same complex as
each other [72]. This provides direct evidence that a
putative t-SNARE, syntaxin 5, can act in more that
one membrane fusion event. Surprisingly, however,
rSec22b co-precipitates with GOS-28 [72], and we
have observed that yeast Gos1p is also associated
with Sec22p. Thus, Sec22p seems to be involved in
both ER-Golgi and intra-Golgi tra⁄c (though it is
not essential for either). Whether other Sed5p-asso-
ciated SNAREs such as Ykt6p and Sft1p are in the
same complex as Gos1p is not known, either in yeast
or animal cells. In fact, no clear homologue of Sft1p
has yet been identi¢ed in animal cells. However, it is
worth noting that rBet1 shows some similarity to
Sft1p, and a related protein (GS15, 28% identical
to rBet1) has recently been found [100]. Like rBet1,
GS15 is found in the Golgi apparatus, but it is not
yet known what transport step it might mediate.
10. A third role for Sed5p/syntaxin 5?
Yet another putative v-SNARE that interacts with
Sed5p, Vti1p, has recently been identi¢ed in yeast
[101,102]. A human homologue also exists that is
capable of substituting for the yeast protein in vivo
[98]. Vti1p again has the typical SNARE structure of
a C-terminal TMD £anked by a region with the po-
tential to participate in a coiled coil of K-helices
[101]. It is localised both to the Golgi, and to a
pre-vacuolar compartment which is marked by the
syntaxin homologue Pep12p [103], and can bind to
Pep12p as well as to Sed5p. This raises the possibility
that Vti1p functions at more than one fusion step, a
suggestion that is reinforced by the fact that di¡erent
temperature sensitive alleles of VTI1 cause blocks at
di¡erent stages in the secretory pathway [101]. Thus
vti1-1 shows a strong inhibition of Golgi to vacuole
transport, causing the vacuolar protease CPY to be
mis-routed to the cell surface, whilst secretion is un-
a¡ected. In contrast, in vti1-11 cells secretion is
greatly reduced at the non-permissive temperature,
and the glycosylation state of the accumulated pre-
cursors indicates a defect in ER to Golgi or intra-
Golgi transport. Over-expression of Pep12p sup-
presses the vti1-1 defect, and over-expression of
Sed5p reduces accumulation of the ER form of
CPY in vti1-11, which suggests that these alleles
block di¡erent transport steps because the mutations
a¡ect binding to di¡erent t-SNAREs [101]. The com-
plexes that contain Sed5p and Vti1p do not contain
Sec22p [102], which contrasts with the presence of
rSec22b in syntaxin 5-membrin and syntaxin 5-
GOS-28 complexes [72]. Thus, Vti1p appears to be
present in a third distinct Sed5p complex (Table 1).
In addition, over-expression of Ykt6p rescues vti1
mutants, and Ykt6p binds to Vti1p [102]. Although
the issue of whether Sed5p binds simultaneously to
Ykt6p and Vti1p was not addressed directly, these
data would be consistent with a triple complex.
Whether other SNAREs such as Gos1p and Sft1p
are also present has not been determined.
What is the role of this third Sed5p-containing
complex? One possibility, favoured by Lupashin et
al. [102], is that it facilitates retrograde intra-Golgi
transport, perhaps by entering the same vesicles as
Sft1p. In support of this, they observed that over-
expression of Sft1p would partially suppress the
growth and intra-Golgi transport defects of some
vti1 mutant alleles. A more intriguing possibility, giv-
en the interaction of Vti1p with Pep12p, is that there
is a direct vesicular transport route from endosomes
to Sed5p containing membranes [101]. This sugges-
tion does not exclude a role for Vti1p in intra-Golgi
transport, but makes the testable prediction that
Vti1p should be present in vesicles that do not con-
tain Gos1p or Sft1p. Such a route could be used for
the recycling of sorting receptors between endosomes
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and the Golgi apparatus (something which can occur
even when Sed5p is the only Golgi syntaxin present,
as described below), and would make Sed5p the tar-
get of three distinct vesicular pathways. Unfortu-
nately, the task of unravelling the functions of
Vti1p is not simple, and is compounded by the fact
that Vti1p binds to three further syntaxin homo-
logues, Tlg1p, Tlg2p and Vam3p, as discussed in
the next section.
11. Late Golgi syntaxins
Of the eight members of the syntaxin family en-
coded in the yeast genome, only two others, apart
from Sed5p, are candidates for Golgi SNAREs.
These are Tlg1p and Tlg2p, which are not closely
related in sequence but have quite similar locations
and functions [74]. Tlg2p co-fractionates on sucrose
density gradients with Kex2p and DPAP A, markers
for the yeast equivalent of the trans Golgi network,
and can be separated by both fractionation and im-
muno£uorescence from Sed5p. Tlg1p fractionates
away from other previously characterised organellar
markers, but its distribution partially overlaps with
that of Tlg2p, Kex2p and DPAP A. Deletion of ei-
ther TLG1 or TLG2, neither gene being essential for
growth at 30‡C, leads to strikingly similar pheno-
types: trans Golgi enzymes are partially mis-localised
to the vacuole and endocytosis is severely impaired,
but both secretion and delivery of the protease CPY
to the vacuole can still occur. The latter observation
implies that the sorting receptor for CPY can still
cycle between endosomes and Golgi even when
Tlg1p and Tlg2p are absent.
The loss of late Golgi proteins to the vacuole in tlg
mutants suggests that both Tlg2p and Tlg1p may be
required for the cycling of trans Golgi proteins
through the compartment in which Tlg1p resides
[74]. DPAP A, Kex1p and Kex2p, the best charac-
terised trans Golgi proteins in yeast, are thought to
reach and be retrieved from a later, presumably en-
dosomal compartment [104^106], and the Tlgs could
be involved in vesicle fusion events at either end of
this process. It has previously been assumed that
retrieval occurs from the late endosomal/prevacuolar
compartment marked by the syntaxin homologue
Pep12p, but Tlg1p is clearly separable from
Pep12p, and perhaps de¢nes an early endosomal
compartment. That it functions on the endosomal
pathway is supported by the ¢nding that Tlg1p
(but not Tlg2p) binds in a Sec18p (NSF) dependent
manner to Snc1p, the v-SNARE responsible for fu-
sion of exocytic vesicles with the plasma membrane
Table 2
SNARE-SNARE interactions involving late Golgi syntaxins
Mammalian proteins are shown in a dark blue box, yeast proteins in a light blue box. Black lines represent co-precipitation of the
two connected proteins. Immunoprecipitation of the syntaxin homologues Tlg1p and Tlg2p shows that these proteins form NSF sensi-
tive complexes that include Vti1p and, in the case of Tlg1p, Snc1p. Tlg1p may reside in an endosomal compartment as well as the
late Golgi, and it is not known whether Snc1p and Vti1p can bind to Tlg1p simultaneously [74]. Strikingly, no interaction occurs be-
tween the Tlg homologues and putative v-SNAREs acting earlier in the secretory pathway. Syntaxin 6 is found in the TGN, and
binds to cellubrevin [109]. Other v-SNARE partners for syntaxin 6 have yet to be identi¢ed.
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[74,107]. Snc1p must be re-cycled from the plasma
membrane to the TGN, and hence be present on
endocytic transport intermediates. Both Tlg1p and
Tlg2p also bind to Vti1p, suggesting that Vti1p
may mediate shuttling between them [74]. Although
Vti1p is present in the Golgi, it is unlikely that inter-
action between Vti1p and Tlg2p is important for
anterograde transport, given the fact that deletion
of TLG2 does not a¡ect secretion. Neither Tlg2p
nor Tlg1p bind to Sft1p or Gos1p. The SNARE
binding partners for Tlg1p and Tlg2p are summa-
rised in Table 2.
In mammalian cells, syntaxin 6 is the only syntaxin
homologue which has so far been shown to reside in
a later Golgi compartment than syntaxin 5 [108].
Detailed immunoelectron microscopy demonstrates
that this protein resides in the TGN and in small
vesicular structures adjacent to endosomes [109].
This is intriguing, as it provides evidence that syntax-
in 6 is not restricted to an organellar target mem-
brane. Syntaxin 6 binds to cellubrevin (VAMP2), a
v-SNARE homologous to yeast Snc1p [109,110].
This feature suggests that syntaxin 6 may be the
equivalent of Tlg1p and indeed, although it has
been pointed out [109] that syntaxin 6 is related to
Pep12p, it is at least as similar in comparisons using
the BLAST algorithm to Tlg1p (Pep12p is 21% iden-
tical to syntaxin 6, while Tlg1p and syntaxin 6 are
22% identical). As with Tlg1p, it has been suggested
that syntaxin 6 is involved in TGN-endosome tra⁄c,
but this has not been demonstrated directly. No
equivalent of Tlg2p has yet been localised in animal
cells, but a homologue exists in nematodes and it is
likely that one of the syntaxins currently identi¢ed
only from partial cDNA sequences will correspond
to Tlg2p.
12. Models for Golgi tra⁄c
The obvious problem with attempts to form a
complete picture of SNARE mediated membrane fu-
sion events within the Golgi is that currently we can
not be certain of having identi¢ed all of the Golgi
SNAREs, even in yeast where the genome sequence
is available. However, all well characterised NSF de-
pendent membrane fusion events, namely vacuolar
fusion [44], transport to the pre-vacuolar compart-
ment and to the vacuole itself [46,103], anterograde/
retrograde ER-Golgi tra⁄c [69,72,96] constitutive se-
cretion in yeast [111] and synaptic exocytosis [112],
require the presence of a syntaxin homologue, and
indeed the syntaxins seem to be key components.
From this, we assume that any membrane fusion
steps within the Golgi will also be contingent on
the presence of such a protein. As the syntaxin fam-
ily is well de¢ned in terms of sequence and secondary
structural motifs [82] we can be reasonably certain of
having identi¢ed all members of this family in yeast.
Can we account for Golgi function with these
SNAREs? A widely accepted model for transit
through the Golgi has been that transported proteins
are selectively packaged into coated vesicles and are
carried sequentially between cisternal sub-compart-
ments, each sub-compartment containing a di¡erent
complement of resident enzymes [113]. The experi-
mental evidence supporting the vesicular transport
model revolves around the observations that: (i)
small vesicles can be seen budding from Golgi mem-
branes in electron micrographs [114]; (ii) these
vesicles have COPI coats, and can be formed from
Golgi membranes in vitro [61,115,116] and subse-
quently fuse with other Golgi membranes [8] ; (iii)
Golgi derived COPI vesicles can apparently contain
secreted proteins, namely the vesicular stomatitis vi-
rus G protein [8], and insulin [117]. This model also
has a requirement for retrograde transport, to re-
cycle SNAREs and other integral membrane compo-
nents of the transport machinery back to an earlier
compartment in the pathway.
The principal alternative to vesicular transport is
based around the idea that individual cisternae prog-
ress through the Golgi stack. Proponents of this hy-
pothesis point to the transit of large supra-molecular
structures through the Golgi as being incompatible
with a mechanism based on small transport vesicles.
Such large structures include algal scales [118,119],
casein submicelles in lactating mammary gland cells,
apolipoprotein E in liver cells, procollagen ¢brils in
¢broblasts and discoidal components of the plasma
membrane in urothelial cells [reviewed in [120,121]].
To balance the progression and eventual disintegra-
tion of individual cisternae, it is necessary to assume
that resident Golgi proteins are continually retrieved
by means of retrograde vesicular transport.
ER-Golgi transport can readily be explained with
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the known SNAREs. Its characteristics can be ¢tted
to either model, but it clearly has the features re-
quired for cisternal maturation. Speci¢cally, it seems
to involve the de novo generation from the ER of
early Golgi cisternae, achieved by the recycling of
Sed5p/syntaxin 5 to the ER and the homotypic fu-
sion of ER-derived vesicles. The newly generated
membranes could simply replace the existing cis Gol-
gi, or they could fuse with an existing structure. The
vesicular model would require additional rounds of
vesicle budding and fusion to later Golgi cisternae.
However, the only alternative candidates for Golgi
syntaxins in yeast, Tlg2p and Tlg1p, are not required
for secretion. Other possibilities can be imagined,
such as an unusual fusion step mediated by as yet
undiscovered SNAREs that does not include a syn-
taxin homologue, but the present data do not pro-
vide an obvious mechanism for forward vesicular
tra⁄c.
On the other hand there is ample support for ret-
rograde transport, mediated by SNAREs such as
Gos1p and Sft1p, to the Sed5p containing compart-
ment. Furthermore, such transport appears essential
for secretion in yeast, as Sft1p itself is essential [97].
This ¢ts well with the maturation model, in which
the delivery of late Golgi enzymes by retrograde traf-
¢c, coupled to the removal of Sed5p to the ER, re-
sults in the conversion of an early cisterna to a later
one (see Fig. 4). Extra weight is given to this argu-
ment by the recent observation that Golgi resident
enzymes can be packaged into putative retrograde
transport vesicles in vivo [95]. The additional possi-
bility of tra⁄c from the endosomal system to early
Golgi compartments, mediated by Vti1p, is an unex-
pected feature (in any model) which deserves further
investigation.
The role of Tlg2p appears to be to mediate tra⁄c
from the endosomal system to the late region of the
Golgi, to allow proteins that have been lost from the
equivalent of the trans Golgi network to be retrieved.
Similar functions must exist in animal cells, as there
is much evidence that such tra⁄c is possible. In the
maturation model, one di⁄cult question is how
Tlg2p is initially introduced to a maturing cisterna,
to mark it as ‘late’. Possibilities include retrograde
intra-Golgi transport, or direct recycling from endo-
somes to early Golgi, but the details remain to be
worked out.
In yeast, the availability of temperature sensitive
alleles of sec18 (NSF) has led to attempts to de¢ne
the number of NSF-, and by implication SNARE-
dependent membrane fusion events required for Gol-
gi function. These studies suggested three biochemi-
cally distinct compartments, with Sec18p activity
needed for the transition from one compartment to
the next [122]. From cis to trans the compartments
would contain an K1ÿ6-mannosyl transferase, an
K1ÿ3-mannosyl transferase, and the protease Kex2p.
Since there do not appear to be enough SNAREs to
support three compartments with vesicles shuttling
between them, some re-interpretation of these results
may be necessary. Certainly, the delivery of Kex2p
from endosomes to a Tlg2p-containing late Golgi
cisterna could correspond to one SNARE-dependent
step, A second could be the delivery of K1ÿ3-manno-
syl transferase to an earlier, Sed5p-containing com-
partment. It is more di⁄cult to explain the third step.
It might correspond to the formation of the cis Gol-
gi, if K1ÿ6-mannosyl transferases recycle through the
ER, but are only activated when removed from it.
Fig. 4. Summary of SNARE function in the yeast Golgi. By
analogy with syntaxin 5 in mammalian cells, Sed5p may be in-
volved in homotypic fusion of ER derived vesicles, which would
lead to the creation of cis Golgi cisternae. Retrograde transport
of Golgi derived vesicles to Sed5p containing cisternae is medi-
ated by Sft1p and Gos1p. Analysis of the SNARE complexes
formed by Sed5p provides evidence that Vti1p may mediate de-
livery of proteins to the Sed5p compartment from endosomes.
Tlg2p, and possibly Tlg1p, reside in the trans Golgi and func-
tion in the re-cycling of trans Golgi endosomes. The pattern of
SNARE mediated fusion events displayed here is compatible
with a model for Golgi transport in which cisternae mature as
they progress through the Golgi stack, although a mechanism
by which trans Golgi proteins could be delivered to maturing
cisternae has yet to be fully elucidated.
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However, the available evidence suggests that Och1p,
the initial K1ÿ6-mannosyl transferase, recycles
through later Golgi compartments rather than the
ER [123]. Perhaps the delivery of enzymes is more
stochastic, and in any cell population there will be
some Golgi membranes containing only enzymes for
K1ÿ6-mannose addition, while others have also the
K1ÿ3-mannosyl transferases.
Animal cells also are thought to contain three Gol-
gi compartments, and similar problems result. How-
ever, the distribution of marker enzymes amongst
cisternae is blurred, with considerable overlap [124^
126], and models have been proposed in which local
restriction of vesicle movement, together with pro-
gressive changes across the Golgi stack in the e⁄-
ciency with which a particular enzyme enters vesicles,
can generate the observed distributions [127]. A
weakness of such models is that they do not obvi-
ously explain how the direction of vesicle movement
would be de¢ned. Given the greater apparent com-
plexity of the Golgi apparatus in higher cells com-
pared to yeast, one possibility might be that higher
organisms possess additional SNAREs. Indeed, quite
a few syntaxin candidates are emerging [70,82]. So
far, however, the extra SNAREs have been found
mainly on the cell surface, which might re£ect the
more complex needs of polarised cell types. Within
the cell, there are few candidates that cannot plausi-
bly be matched to a corresponding yeast protein, and
there are still some yeast SNAREs (such as the vac-
uolar and ER syntaxins Vam3p and Ufe1p) for
which mammalian equivalents remain to be discov-
ered. The internal organisation of higher cells may
thus not be much more complicated than that of
yeast.
13. Regulation of SNARE complex assembly
Studies of the distribution and interactions of
SNAREs give a picture of the possible pathways of
membrane tra⁄c, but they also highlight the need for
the cell to regulate the timing and location of the
numerous possible fusion events. Two major require-
ments are clear: fusion must be regulated so that
organelles do not simply fuse together, which means
that most SNAREs must be in a non functional state
most of the time, and additional levels of speci¢city
must be built into the system so that, for example, a
vesicle containing Vti1p can be targeted preferen-
tially to only one of the ¢ve compartments bearing
t-SNAREs that can interact with this protein. The
realisation that t-SNAREs cycle through compart-
ments in which they are not thought to be active
makes the need to prevent indiscriminate pairing of
cognate SNAREs still more acute. Much research on
regulation of SNARE complex assembly has focused
on regulated secretion at the synapse and in neuro-
endocrine cells, and comparatively little is known
about mechanisms employed in the Golgi.
Various possible ways in which the activity of
SNAREs could be modulated can be envisaged.
The abundant v-t-SNARE complexes detectable by
immunoprecipitation [72,74] would need to be dis-
rupted by NSF before the SNAREs can play their
part in membrane fusion, and hence this priming
event could represent a target for regulation. Anoth-
er possibility is that cytoskeletal elements or vesicular
coats keep membranes which have the potential to
fuse with each other physically separate. A third pos-
sibility is that regulatory proteins might bind directly
to the SNAREs, thereby a¡ecting the formation of
SNARE complexes. Candidates for such regulatory
proteins include members of the Sec1p protein fam-
ily, peripheral membrane proteins which bind to the
N-terminal region of syntaxins. Proteins homologous
to Sec1p are required at many steps in the secretory
pathway. In yeast Sec1p interacts with the plasma
membrane syntaxin and is essential for exocytosis
[111], Sly1p binds to Sed5p and is involved in ER
to Golgi and possibly intra-Golgi transport
[47,128,129], while Vps33p and Vps45p function at
separate stages in transport from the Golgi to the
vacuole (reviewed by Horazdovsky et al. [130]). In
mammalian cells Munc18 binds to syntaxin [131]
and mVps45 binds to syntaxin 6 [109]. Hence func-
tional interaction of Sec1p homologues and SNAREs
could well be a common feature of NSF dependent
membrane fusion throughout the cell. The synaptic
homologue of Sec1p inhibits in vitro interaction of
syntaxin with synaptobrevin [132], and over-expres-
sion of the Drosophila version of this protein de-
creases the rate of neurotransmission [133], leading
to the hypothesis that the Sec1p family are negative
regulators of SNARE function. This is supported by
the ¢nding by Dascher and Balch, that over-expres-
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sion of rat Sly1 can neutralise the dominant negative
e¡ects of excess syntaxin 5 on an in vitro assay for
ER to Golgi transport [134]. Although Sly1p associ-
ates with Sed5p, it is not clear whether Sly1p is
present in Sed5p-v-SNARE complexes [47,73]. Hence
dissociation of Sly1p from Sed5p might precede as-
sembly of the SNARE complex [73].
A second family of proteins, the Rab GTPases,
have also been implicated in regulation of SNARE
complex formation. The general role of Rab proteins
is discussed in the review by B. Goud in this issue,
and several recent reviews summarise the localisation
and function of members of this family in yeast. As
is the case with Sec1p family, di¡erent Rab proteins
are involved in various transport steps within the cell
[135,136]. The Rab family member Ypt1p is required
for ER to Golgi transport both in vivo and in vitro
[63,137^139], and for intra-Golgi transport [140]. In-
activation of a temperature sensitive ypt1 allele re-
sults in accumulation of undocked ER derived
vesicles [63]. The lethality of YPT1 deletion is sup-
pressed by over-expression of Sec22p or Bet1p, and
YPT1 also interacts genetically with SLY1 [78].
A potential link between the functions of Ypt1p
and Sly1p has recently been provided by an intrigu-
ing set of co-immunoprecipitation experiments [73].
In wild-type cells a low level of Ypt1p is found
bound to Sed5p, but Ypt1p is not a component of
the Sed5p 20S complex [47]. In a strain with a ypt1
temperature sensitive mutation, inactivation of
Ypt1p reduces the amount of Sec22p and Bet1p as-
sociated with Sed5p, thereby con¢rming that Ypt1p
is involved in SNARE complex assembly [47,73]. A
link between the Rab protein and Sly1p is provided
by the result that when expression of Ypt1p is modu-
lated with a regulatable promoter the level of Sly1p
bound to Sed5p is inversely proportional to the
amount of Ypt1p in the cell. Lupashin and Waters
[73] interpret these data as meaning that Ypt1p
somehow causes displacement of Sly1p from Sed5p,
thereby freeing Sed5p to interact with arriving v-
SNAREs. There is evidence that Ypt1p is delivered
to the cis Golgi in vesicles [80,81], and that vesicular
Ypt1p activity is required for targeting and fusion
with the Golgi [141]. The model of Lupashin and
Waters explains the ¢nding that Ypt1p promotes
pairing of Bos1p and Sec22p [81] as part of a larger
complex including Sed5p. Although the model is at-
tractive in that it connects two families of proteins
which both contain di¡erent members involved at
speci¢c transport steps, the role of GTP hydrolysis
and cyclic membrane attachment of Ypt1p has yet to
be elucidated.
It is by no means clear that every member of the
Rab family plays an equivalent role in the overall
scheme of membrane fusion, but one appealing
idea is that they contribute to the speci¢city of vesicle
docking [135]. However, experiments showing that a
single hybrid of Ypt1p and Sec4p can provide Rab
function to the entire secretory pathway [142,143],
and that one Rab can be required for more than
one transport step [140,144] demonstrate that Rabs
alone probably do not mediate speci¢city [1]. A sim-
ilar argument applies to the SNAREs, since the pres-
ence of a particular SNARE is not always su⁄cient
to determine the target with which a vesicle fuses.
There are several examples of one v-SNARE inter-
acting with several di¡erent t-SNAREs: Vti1p binds
in immunoprecipitation experiments to no fewer than
¢ve syntaxin homologues: Sed5p [101,102], Pep12p
[101], Vam3p, Tlg1p and Tlg2p [74]. Snc1p binds
to Sso1p [107] and Tlg1p [74], while Sec22p binds
to both Sed5p [47] and Ufe1p [145]. These consider-
ations suggest that additional proteins, besides rabs
and SNAREs, contribute to the speci¢city of vesicle
fusion, or that the activity of SNAREs is regulated in
more complex ways.
One possibility is that combinatorial association of
SNAREs on vesicles speci¢es di¡erent destinations.
Using ER-Golgi transport as an example, Sed5p
would then only recognise Sec22p when it is bound
to Bos1p, while Ufe1p would recognise Sec22p with-
out Bos1p. Alternatively, in the case of ER-Golgi
transport there is good evidence that di¡erent coat
proteins are present on anterograde and retrograde
vesicles [146,147] and these coats could be involved
in speci¢c docking mechanisms at the cis Golgi and
ER. Additional candidates for docking proteins in-
clude Uso1p, which is required for ER-Golgi trans-
port and interacts genetically with the rab protein
Ypt1p [67] and Bet3p, which interacts genetically
with Bet1p, Bos1p and Sec22p [148]. In the endoso-
mal system of animal cells rabaptin-5, a protein
which binds rab 5 [149], may perform a similar func-
tion.
The requisite complexity in regulation of SNARE-
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SNARE interactions is highlighted by the idea that
following priming and SNARE complex dissociation
by NSF/Sec18p re-formation of complexes on the
same membrane might need to be prevented by reg-
ulatory molecules. Sec1p homologs could ful¢l this
function [54], as could LMA1 [42]. It is evident that a
whole layer of regulatory interactions that govern
SNARE complex assembly, and hence play an im-
portant role in vesicle targeting, still needs to be un-
ravelled.
14. Conclusions
Although the full mechanistic details by which two
separate lipid bilayers are forced together during
NSF mediated membrane fusion remain to be eluci-
dated, a speci¢c interaction between cognate
SNAREs on the two opposing membranes seems to
be necessary. The sequence diversity of the SNAREs
makes it di⁄cult to be con¢dent that we have iden-
ti¢ed all such proteins in the Golgi apparatus, even
in yeast where the genome sequence is available.
However, the syntaxin sub-family of SNAREs are
relatively easily de¢ned in sequence terms, and ap-
pear to be required at all NSF dependent fusion
steps. There are at most three syntaxins present in
the yeast Golgi. The pattern of SNARE-SNARE in-
teractions and mutant phenotypes displayed by
Sed5p, the syntaxin in the cis Golgi, and Tlg2p, in
the trans Golgi, are in marked contrast; Sed5p is
required for secretion and binds to other SNAREs
involved in intra-Golgi transport, whilst Tlg2p is not
necessary for secretion and does not interact with the
SNAREs implicated in intra-Golgi transport. These
observations impose constraints on models that at-
tempt to account for protein transport through the
Golgi, and are perhaps more compatible with matu-
ration of Golgi cisternae by retrograde transport of
Golgi resident enzymes than anterograde vesicular
transport of secreted proteins.
The recent evidence implying a role on several dif-
ferent classes of vesicle for putative v-SNAREs like
Sec22p and Vti1p means that the targeting of such
vesicles must require additional interactions that pro-
vide speci¢city, and this complicates the interpreta-
tion of data based on SNAREs alone. There is a
need to understand better the molecular basis of
the regulation of SNARE activity and vesicle dock-
ing. Nevertheless, the number of key components al-
ready identi¢ed means that in the future, hypotheses
to account for the organisation and properties of the
Golgi complex will be based not just on morphology,
but on speci¢c molecular mechanisms.
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